Determination of n-octanol/water partition coefficients of tetrachlorobenzyltoluenes individually and in a mixture by the slow stirring method.
INTRODUCTION
Distribution of hydrophobic chemicals in the natural environment can often be described with physicochemical properties which are determined in the laboratory. The n-octanol/water partition coefficient has become a key parameter in the assessment and management of environmental effects of organic chemicals, n-Octanol is considered a surrogate for biotic lipid since these substances have rather similar polarities. Kow represents an abiotic approximation to a biotic lipid/water partition coefficient (Chiou et al., 1977) , which, however, is bearing a nonlinear character in the case of very hydrophobic compounds Hawker, 1990) . Relationships are described between partition coefficients and other structural and physicochemical properties, such as water solubility (Miller et al., 1985) and organic carbon-water partition coefficients (Karickhoff, 1981) . Values of Kow are also required in mathematical simulation models that are used to predict 1651 the environmental fate of organic chemicals (Mackay, 1984) .
Many papers evaluate the different methods to determine the n-octanol/water partition coefficient for hydrophobic compounds (Eadsforth and Moser, 1983; Brooke et al., 1986; Doucette and Andren, 1988; De Bruijn et al., 1989; Chessells et al., 1991; Noble, 1993) . In the log Kow range from 2.0 to 5.5 there is little difference between the mean values of log Kow determined by the different methods but major differences occur for compounds having log Kow > 5.5.
The classical measurement for log Kow is the shake flask method (OECD, 1981) where a compound is shaken in n-octanol/water. After establishment of the equilibrium the concentration is measured in one or both phases.
This method can determine a range of log Kow from -2.5 to 4.5 and is applicable to most classes of compounds.
However, it is not suitable for compounds with high partition coefficients (log Kow > 5) (Chessells et al., 1991 ) .
The water concentration may be inaccurate due to formation of micelles and the analytical difficulties inherent to the determination of the extremely low aqueous concentrations. Modifications of the shake flask method have been shown to overcome some of these problems for compounds having log Kow values in the range in between 4.0 and 5.0 (De Voogt et al., 1988 ).
An easy and extensively used method of measuring the Kow values is based upon reversed-phase highperformance liquid chromatography (RP-HPLC) (Opperhuizen et al., 1987; Weber et al., 1986; Rapaport and Eisenreich, 1984) . To find an unknown log Kow, a set of reference compounds of known log Kow needs to be run under the same circumstances to find a calibrated relationship between a compound's log Kow value and its RP-HPLC retention parameter. The disadvantages of this method are that it requires calibration, it is an indirect method and that it can only be used for a range of log Kow from 0 to 6 (Noble, 199311 . Reversed-phase thinlayer chromatography (RP-TLC) is also an indirect method needing reference compounds of known log Kow-It has a range of 0 to 12 and is fast, but less reproducible than HPLC and is less accurate than the shake flask method (Eadsforth and Moser, 1983) .
A direct method to measure Kow values of very hydrophobic compounds has been developed by using the generator column technique, which avoids problems such as colloidal suspension, absorption, and volatilization of the solute Miller et al., 1984; De Voe et al., 1981) . With this technique an noctanol solution of the compound is sorbed to a solid support in a column. The quantity of the compound in the mobile phase of water or n-octanol/saturated water, which is passed through, is determined. Allthough the generator column method is suitable for log Kow determinations ranging up to 8.5, an important disadvantage is its laboriousness. Some years ago a slow stirring method has been successfully introduced to determine experimental Kow values as high as 10 s (Brooke et al, 1986; De Bruijn et al, 1989) . In this method, the water and n-octanol phases are equilibrated by stirring them slowly. By careful stirring and close temperature control, the formation of micelles can be prevented and very high partition coefficients can be determined. The method is slow, 2-8 days are required for equilibrium to be achieved, but it is a direct method with high accuracy and good reproducibi-1653 lity (De Bruijn et al., 1989 ).
In the present study the slow stirring method is used to determine Kow values of tetrachlorobenzyltoluenes (TCBTs), for which no experimental data are available. as a mixture will be discussed.
MATERIALS AND METHODS

Chemicals
Nine TCBTs were purchased from Promochem; no 28, 2,2 ',4,6'-5; no 25, 2,2',4,5'-5 ; no 36, 2,2',5,5'-4 : no 22, 2,2',4,4'-5; no 27, 2,2',4,6'-3; no 80, 2',3,4,6'-6; no 21, 2,2',4,4'-3; no 52, 2,3',4,4'-5; no 74, 2',3,4,4-6 (numbering according to Ehmann and Ballschmitter, 1989 ; numbers before and after the hyphen refer to positions of the chlorine-and methyl groups). Hexachlorobenzene and 1,2,3,4-tetrachlorobenzene were obtained from Aldrich. Silica (60, 70-230 mesh) was purchased from Merck. n-Hexane was obtained from Janssen Chimica and 2,2,4-trimethylpentane was purchased from Rathburn. Both solvents were redistilled before use. n-Octanol was obtained from Merck with a stated purity of > 99%. The water throughout the experiments was distilled in an all-glass apparatus.
Experimental set up
The log Kow of 1,2,3,4-chlorobenzene was determined to validate the method by comparing this value with literature data (De Bruijn et al., 1989) . The experimental determination of log Kow of 1,2,3,4 tetrachlorobenzene was done in triplicate during a time course of three days. To examine the time needed to reach equilibrium for TCBTs an experiment was performed with TCBT 80 during a time course of 7 days, starting the measurements on day 4. The n-octanol/water partition coefficients of nine individual TCBT isomers were determined, at least in duplicate, after 7 days of slow stirring in separate experiments. In the same way a duplicate experiment with a mixture of 8 TCBTs was carried out, using 1 of the 9 TCBT isomers as a recovery standard.
In the slow stirring method the water and n-octanol octanol was added very carefully to the water with a fixed pasteur pipette filled with some glass wool to prevent the formation of micelles of n-octanol in the water. As test chemicals 50 mg 1,2,3,4-tetrachlorobenzene, 0.5 mg TCBT isomers individually and 0.5 mg of each TCBT isomer added together as a mixture were dissolved in 50, 4 and 10.2 ml of n-octanol, respectively. The flasks were covered by a glass stopper and wrapped in aluminium foil to avoid influence of daylight. To establish equilibrium between the two phases the stirring continued 4 and 7 days for 1,2,3,4-tetrachlorobenzene and TCBTs respectively.
Sampling, extraction and clean-up
Duplicate samples of n-octanol and water were taken from each flask during time course or when equilibrium was reached. Aliquots of n-octanol were taken with a pasteur pipette and transferred to a vial. Around 0.01 g n-octanol was taken from this vial and diluted with 50 ml 2,2',4-trimethylpentane. Pentachlorobenzene or a TCBT isomer was used as a recovery standard. 250 ml water samples were taken at the same time from a glass tap at the bottom of the flask was connected with the inner chamber of the flask. The sampling of both water and n-octanol was done very carefully to prevent formation of micelles of n-octanol in the water. After adding the recovery standard, the water samples were extracted with 15 ml of n-hexane. The organic fraction was eluted through a column of silica-sulphuric acid (22% and 44% by weight) and silica sodium hydroxide (IN, 33% by weight) using 35 ml n-hexane. The eluate was concentrated by evaporation until 1 ml. Before analysis an internal standard, hexachlorobenzene or a TCBT isomer, was added.
The efficiencies of the dilution step of n-octanol samples were always between 80 and 100 %. Analysis of samples spiked with standard solutions of TCBTs in hexane demonstrated a recovery for the extraction of 71.4% and for the acid-base column 83%.
Gas Chromatographic Analysis
For analysis, 1 ~tl of the extract of the n-octanol or water sample was injected automatically three times into a Hewlett-Packard 5890A gas chromatograph, equipped with a 63Ni electron capture detector and an on-column injector with autosampler A200S (Carlo Erba). The GC was connected to a HP 3396A integrator. A 30-m J&W DB-5 0.32 mm i.d. fused silica capillary column (film thickness: 0.25 ~tm) was used with a 2 m 0.53 mm retention gap. The carrier gas was helium and the make-up gas was Ar/CH4 0.5-5%. The temperature program was: 120°C -0.4 min -70°C/min -200°C -1 rain -l°C/min -211°C -0 min -40°C/min -320°C -6 min.
RESULTS AND DISCUSSION
Establishment of equilibrium, deviation from literature data and reproducibility
The results in Table I The log Kow value of 1,2,3,4-tetrachlorobenzene determined by the slow stirring method from the literature is 4.635 ± 0.004 (at 25 °C) (De Bruijn et al., 1989) . The value determined here is 4.564 ± 0.074 (at 29 °C). The difference of 0.07 log unit may be largely due to the difference in temperature. Sangster (1989) has listed the temperature dependence of log Kow of some compounds at room temperature. After correction for the difference in temperature our log Kow value is only 0.02 higher than the value of De Bruijn et al. (1989) . Moreover, De Bruijn et al. (1989) concluded that standard deviations of 0.05 to 0.1 can be expected. The difference of 0.07 log unit, therefore, is quite acceptable.
The reproducibility of the method can be inferred from the log Kow values of 1,2,3,4-tetrachlorobenzene. Mean results of three separate experiments on three different days are tabulated with a standard deviation of between 0.002 and 0.130. The standard deviation of the overall mean value is 0.074, which is again between 0.05 and 0.1, in accordance with De Bruijn et al. (1989) .
Log Kow values of TCBTs Table II shows The standard deviations of the measurements shown in Table II are higher than the deviations reported by De Bruijn et al. (1989) . This might be partly due to the fact that the log Kow values of this study are means of more than one independent experiment, whereas values reported in the study of De Bruijn et a1.(1989) are in general the mean of samples from one experiment only. The standard deviation of log Kow values of p,p'-DDT from five independent experiments (De Bruijn et al., 1989) , however, is still lower than the standard deviations reported here.
According to the fragmental system of Rekker (1977) , the calculation of log Kow of a tetrachlorobenzyltoluene isomer is 7.71, 0.44 log units higher than the overall mean log Ko~ value of TCBTs, determined individually ( No literature could be found on differences between partition coefficients of congeners determined individually and in a mixture. The log Kow determinations by the slow stirring method reported in literature (De Bruijn et al, 1989; Brooke et al, 1986 ) concern individually determined congeners only. However, Sijm et al. (1989) determined the log Kow values in a mixture of polychlorinated dibenzo-p-dioxins and dibenzofurans by the slow stirring method. The values from this mixture are lower than log Kow values of the same compounds determined individually by other methods (Webster et al., 1985; Shiu et al., 1988; Burkhard and Kuehl, 1986) .
The authors explained the lower values by the formation of micelles in the water. These lower values might be a confirmation of our lower mixture values. Our results, however, are determined by the same method. Micelle formation, therefore, will occur to the same extent for indivual and mixture measurements. The total amount of TCBTs added as a mixture to n-octanol is about eight times as much as the amount of one TCBT added in individual experiments. These differences in concentrations might affect the Kow values, although the TCBT concentrations are not higher than the maximum solubility in n-octanol. An explanation for the discrepancy between the lower log Kow values determined in a mixture of compounds could be cosolvent effects of one isomer with respect to another in the mixture of compounds, which might affect solubilities in the water phase to different extents.
Further, differences in log Kow values determined by the slow stirring method are found in literature. Brooke et al. (1986) found much lower log Kow values for p,p'-DDT and dieldrin than those reported in the study of De Brnijn et al. (1989) .
Finally, no clear systematic isomer correlation can be found between n-octanol/water partition coefficients determined individually or in a mixture (Table II) . Only two isomers (TCBT 28 and 25) have a log Kow value determined individually, which is significantly different from the overall mean log Kow value determined
